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Transmon qubits are ubiquitous in the pursuit of quantum computing using superconducting
circuits. However, they have some drawbacks that still need to be addressed. Most importantly, the
scalability of transmons is limited by the large device footprint needed to reduce the participation
of the lossy capacitive parts of the circuit. In this work, we investigate and evaluate losses in a
novel device geometry, namely, the merged-element transmon (mergemon). To this end, we replace
the large external shunt capacitor of a traditional transmon with the intrinsic capacitance of a
Josephson junction (JJ) and achieve an approximately 100 times reduction in qubit dimensions. We
report the implementation of the mergemon using a sputtered Nb/amorphous Si (a-Si)/Nb trilayer
film. In an experiment below 10 mK, the frequency of the readout resonator, capacitively coupled
to the mergemon, exhibits a qubit-state dependent shift in the low power regime. The device
also demonstrates the single- and multi-photon transitions that symbolize a weakly anharmonic
system in the two-tone spectroscopy. The transition spectra are explained well with master-equation
simulations. A participation ratio analysis identifies the dielectric loss of the a-Si tunnel barrier and
its interfaces as the dominant source for qubit relaxation. We expect the mergemon to achieve high
coherence in relatively small device dimensions when implemented using a low-loss, epitaxially-
grown, and lattice-matched trilayer.
The invention of the transmon qubit has fueled the
rapid development of quantum information research over
the past decade. Multiple landmark breakthroughs have
been achieved using this technology. These include real-
time quantum error correction [1] and claims of the
demonstration of quantum supremacy [2]. A variety of
layout designs exist for transmons [1–5], but all consist of
a Josephson junction (JJ) with nonlinear inductance LJ ,
and a capacitor with capacitance C. In this architecture,
one can exponentially suppress the charge dispersion
of energy levels by increasing the EJ/EC ratio, where
EC = e
2/2C is the charging energy, and EJ = φ
2
0/LJ is
the Josephson energy. Here, φ0 = ~/2e is the reduced
flux quantum. On the other hand, the anharmonic-
ity decreases linearly with the increase in EJ/EC [6].
This unique property of transmons allows shielding of the
qubit against the dephasing induced by the charge noise
while maintaining a reasonably large anharmonicity.
Nevertheless, transmon lifetimes can still suffer from
qubit energy relaxation caused by parasitic two-level sys-
tems (TLSs) such as defects and dangling bonds that
widely exist in superconducting circuits [7, 8]. Several
qubit architectures that are more resilient towards TLS
losses have been developed in the past but require greater
circuit complexity or an increased circuit footprint [9–12].
Recent studies have demonstrated that it is possible to
reduce the electric field participation ratio of the lossy
materials in a transmon circuit by shunting the JJ with
a large-scale coplanar capacitor [13, 14]. This mitigation
strategy has significantly improved transmon coherence.
However, the same design methodology also leads to a
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large, in-plane qubit footprint, fundamentally limiting
the prospect of 2D transmon integration.
Here, we propose an alternative approach to scaling
these circuits that minimizes qubit size while providing
an avenue to significantly reducing losses due to inter-
faces, surfaces, and radiation. This design entails en-
gineering the junction itself to satisfy the transmon re-
quirements for frequency and anharmonicity by merging
the external shunt capacitor and the JJ inductance into
a single element made of a superconductor/tunnel bar-
rier/superconductor trilayer, i.e., the mergemon. This
new design has several advantages over the traditional
transmon. First, the mergemon allows a reduction of
approximately 100 times in the device footprint [2, 14].
Second, the resulting small qubit dimensions effectively
suppresses unwanted radiation and inter-qubit coupling
through direct interactions or box modes. Third, the
mergemon frequency could be less susceptible towards
the variation in lithography because the associated ca-
pacitive and inductive contributions towards the qubit
frequency cancel out to first order. Moreover, one may
choose a low-barrier height material as the junction tun-
nel barrier. This enables the use of a relatively thick
tunel barrier that may reduce the percentage variation in
junction inductance. Finally, by leveraging the advanced
molecular-beam epitaxy (MBE) process, tunnel barriers
can be grown with atomic-level precision. Therefore,
this new design may achieve better precision in qubit
frequency allocations compared to the traditional trans-
mons that make use of JJs fabricated via in-situ oxidation
process.
For this proof-of-principle demonstration, we present
the design, fabrication and measurement of the first-
generation mergemon using a sputtered Nb/a-Si/Nb tri-
layer. The microchip layout adopts a conventional copla-
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FIG. 1. (a) An scanning electron micrograph and (b) an illus-
trative cross-sectional diagram of the merged-element trans-
mon. (c) The simplified circuit diagram of the microchip that
holds the merged-element transmon (mergemon). Two inter-
digitated capacitors, Ccouple and CGND, electrically connects
the mergemon to the peripheral circuits and ground. The
output rf tone, fprobe, of a vector network analyser (VNA)
probes the response of the readout resonator. A second rf
tone, fpump is used to populate the different energy levels of
the mergemon circuit. All results presented in this paper are
collected at a temperature below 10 mK. The red dashed re-
gions in (a), (b) and (c) highlights the mergemon qubit. For
the ease of illustration, the dimension in z-axis is not to scale.
nar waveguide design [4, 15]. Figure 1(a) and (b) show a
scanning electron micrograph and an illustrative picture
of the cross-section of the device. To achieve a balance
between the charge noise immunity and anharmonicity
in the mergemon design, the EJ/EC ratio is set to 61.
The EJ is calculated from the critical current predicted
by the formula in Ref. [16]. The EC is first approxi-
mated based on a simple parallel plate capacitor model
that only considers the junction capacitance CJ. Later, a
circuit quantization process based on a simulated capaci-
tance matrix fine tunes the EC [15]. Qubit frequency and
anharmonicity are designed to be 5 GHz and 260 MHz,
respectively.
The fabrication process begins by sputtering a Nb/a-
Si/Nb trilayer onto a high-resistivity intrinsic silicon (Si)
wafer substrate that had been cleaned with hydrofluoric
(HF) acid. The mergemon structure as well as the pe-
ripheral circuitry are defined in two steps using optical
lithography and a fluorine-based dry etch [17]. Due to
the small (∼ 9 nm) spacing between the top and bottom
electrodes, the mergemon implements two interdigitated
capacitors (IDCs) for coupling to the rest of the circuit,
represented as Ccouple and CGND in Fig. 1 (c). We de-
posit and etch a Nb air bridge with SiOx spacer that
connects the top electrode to the IDCs, and then dip the
device in HF to strip SiOx from the wafer.
The microchip circuit described in Fig. 1 is charac-
terized in a cryogen-free dilution refrigerator with base
temperature below 10 mK. Two microwave tones, fprobe
from port 1 of a vector network analyser (VNA) and
fpump from a microwave signal generator, are combined
at room temperature and fed into the input port of the
dilution refrigerator. The attenuators installed at various
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FIG. 2. (a) Transmission amplitude |S21| of the readout res-
onator plotted as a function of frequency and power of the
probe tone. For clarity, the vertical axis has been offset by
the bare readout resonator frequency fr = 6.876331 GHz.
(b) Transmission amplitude |S21| of the readout resonator
plotted as a function of probe (fprobe) and pump (fpump)
tone frequency. The probe tone power is set at −40 dBm
to maintain dispersive coupling between the mergemon and
resonator. The change in the resonator frequency around
fpump ≈ 4.475 GHz represents the mergemon qubit state tran-
sition. The horizontal axis is offset by the dressed resonator
frequency for the qubit ground state f˜r = 6.876796 GHz.
3temperature stages filter the input signal and prevent the
thermal noise from reaching the sample. The output sig-
nal fout is amplified at 4K and room temperature before
it reaches port 2 of the VNA. A detailed schematic of
the measurement setup is included in the Supplemental
Information.
To facilitate the detection of the qubit state, a half-
wavelength readout resonator is capacitively coupled
the mergemon. The qubit-resonator coupling strength,
g/2pi ≈ 50 MHz, is much smaller than the detun-
ing, ∆/2pi = |fr − fq|, where fr (fq) is the resonator
(mergemon) frequency. With this configuration, the
qubit-resonator system is well-described by the circuit-
quantum electrodynamics in the dispersive regime. The
dispersive coupling between the qubit and the readout
resonator induces a qubit-state dependent shift of χσz
in the resonator frequency, where χ is the dispersive
shift [18]. Here, the symbol f˜r describes the dressed res-
onator frequency when the qubit is in the ground state.
Figure 2(a) plots the transmission amplitude |S21| as
a function of probe frequency and power. The probe
power controls the photon number in the resonator. For
this measurement, the pump tone is turned off to keep
the qubit in the ground state. The feature in the low-
power regime (Pprobe < −25 dBm) represents the dressed
resonator frequency, f˜r. As the probe-tone power in-
creases, the qubit-resonator system first enters a bifur-
cation regime where no clear resonance signals are ob-
served. Finally, a resonance is observed approximately at
the bare resonator frequency fr as the probe-tone power
is further increased [19]. This transition confirms the
existence of coupling between the qubit and resonator.
Next, the mergemon qubit frequency is examined in a
two-tone spectroscopy. Similar to the conventional trans-
mons, the mergemon is a weakly anharmonic oscillator.
The lowest two energy states of the mergemon can be ap-
proximated as a qubit because of its finite anharmonicity.
Therefore, to characterize the qubit system, one need to
choose a sufficiently small pump-tone power to induce the
mergemon qubit transition while avoiding excitation to
the higher energy states. Figure. 2(b) shows the probe-
tone transmission amplitude |S21| for a pump tone of
varying frequency. Visibly, the qubit transition causes a
shift in the resonator frequency at fpump ≈ 4.475 GHz.
Now we turn to the investigation of the mergemon
energy-level structure and anharmonicity. Figure. 3(a)
shows an illustrative diagram of the lowest five energy
levels of a transmon. In this work, the anharmonicity α
is defined as
α =
E01 − E12
~
, (1)
where E01 (E12) is the energy of transition |0〉 → |1〉
(|1〉 → |2〉). To characterize the anharmonicity, the tran-
sitions to higher excited states are probed via the multi-
photon processes described in Fig. 3(a). The spectra in
Fig. 3(b) demonstrate that more states are populated as
the pump tone power increases. We extract the transi-
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FIG. 3. (a) An illustrative diagram of the lowest five energy
states of the mergemon. The pump tone fpump drives the
energy transitions between different states through single- or
multi-photon processes. (b) Transmission amplitude |S21| of
the readout resonator plotted as function of pump tone fre-
quency fpump. More energy states are populated as pump
tone power increases from −5 dBm to 15 dBm. Thick ar-
rows highlight peaks corresponding to individual transition
processes shown in (a). The black thin arrow points to a tran-
sition likely induced by a defect located in the a-Si barrier.
The probe tone is fixed at the dressed resonator frequency
with sufficiently low power to avoid qubit excitation induced
by a large resonator photon population [20].
tion frequencies f01 and f02 from Fig. 3(b). Then, the
anharmonicity can be calculated as
α/2pi = f01 − f12 = f01 − (f02 − f01) = 2f01 − f02. (2)
The mergemon shows an anharmonicity of 170 MHz in
the spectrum measurement, similar to that of a conven-
tional transmon. Evidently, the measured mergemon fre-
quency fq (4.475 GHz) and anharmonicity (170 MHz)
significantly deviate from their designed values (5 GHz
and 260 MHz). These errors result primarily from the
4TABLE I. Parameters for a-Si mergemon TLS loss analysis. Material, simulated participation ratio (pn), TLS loss tangent
(tan δ) from literature, tan δ reference and T1 for each mergemon region. To take into account the interface defects between
the electrode metal and barrier, we assume tan δTB-M is 10 times tan δTB. Similarly, considering the exposure of the tunnel
barrier-vacuum (TB-V) interface to harsh cleanroom processes, tan δTB-V is set to be 1000 times tan δTB. The vacuum region
is lossless and, therefore, is omitted in this analysis.
Region Abbreviation Material pn tan δ Reference T1 (µs)
Tunnel barrier TB a-Si 7.01×10−1 5.00×10−4 OConnell et al. (2008) 9.08×10−2
Tunnel barrier-Metal interface TB-M a-Si/Nb 2.94×10−1 5.00×10−3 10× tan δTB 2.17×10−2
Tunnel barrier-Vacuum interface TB-V a-Si/SiOx 8.03×10−5 5.00×10−1 1000× tan δTB 7.93×10−1
Metal-Vacuum interface M-V Nb2O5 2.66×10−3 2.20×10−4 Kaiser et al. (2010) 5.45×101
Substrate-Vacuum interface S-V SiOx 5.55×10−7 1.70×10−3 Woods et al. (2019) 3.37×104
Metal-Substrate M-S Nb/Si 5.73×10−7 4.80×10−4 Woods et al. (2019) 1.16×105
Substrate Si 1.28×10−4 2.60×10−7 Woods et al. (2019) 9.56×105
systematic uncertainty in the a-Si barrier thickness and
the permittivity of a-Si. As discussed in Supplemental
Material, they can be corrected with a more precise cal-
ibration of the a-Si growth process.
To provide further evidence that the device is indeed in
the transmon regime, the experimental result presented
in Fig. 3(b) is compared to a master-equation (ME) sim-
ulation [21, 22]. The same simulation procedure has
been used to study conventional transmon circuitry [23].
The ME solver uses the Hamiltonian Hsim, as described
in Supplemental Material, to calculate the steady-state
value for the average level population, 〈n〉, of the anhar-
monic quantum circuit. 〈n〉 is proportional to the dis-
persive resonator shift [23]. As shown in Fig. 3(b), the
simulation is in good agreement with the experimental
data under a wide range of pumping powers. Since the
spectrum linewidth is dominated by the qubit energy re-
laxation process discussed later in the paper, we set the
dephasing rate in the ME simulation to zero. In order to
achieve good agreement between the simulated and mea-
sured spectra, a qubit lifetime of 55 ns is used in the ME
simulation.
Finally, we discuss the possible cause of the short qubit
lifetime and strategies for improvement. The operation
of a transmon qubit requires a small driving power close
to a single photon excitation. Hence, most of the para-
sitic TLS in the superconducting circuit are unsaturated.
These provide channels for energy relaxation, thereby
limiting the T1 of the qubit [8, 13, 25, 26]. In this work,
we explore the participation ratio (PR) model to under-
stand TLS loss in the mergemon [13]. For this analysis,
the device is partitioned into regions listed in Table I.
The PR is defined as
pn =
Un
Utotal
=
∫
vn
1
2n|E|2∑∫
vn
1
2n|E|2
(3)
where vn is the volume of the nth region,  is the relative
permittivity, E is the electric field strength and U is the
electric field energy. Due to the difference in material and
surface treatment, each region possesses a distinct TLS
loss characterized by the loss tangent tan δn [26]. Then,
the qubit lifetime can be estimated as
T1 =
1
2pifq
∑
pntanδn
. (4)
We calculate the PR of each region using the electric
field profile simulated in a finite element field solver. Due
to the high aspect ratio (> 3000) between the junction
radius and the thickness of various interfaces, it is chal-
lenging to include the full scale peripheral circuitry in the
electric field simulation. Hence, the PR model analysis
focuses on the trilayer junction region. Though previous
studies on low-loss coplanar resonators [24, 25, 27, 28],
capacitors [14] and air-bridges [29] indicate the coupling
between the mergemon and its peripheral circuitry may
not necessarily limit the coherence. More details about
the electric field simulation are included in the Supple-
mental Information. Using the tan δn of each of these
regions, as reported in previous studies, we predict the
mergemon T1 to be 17.1 ns [25]. This value deviates
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FIG. 4. T1 of a mergemon with crystalline tunnel barrier and
interfaces plotted as a function of barrier thickness dTB and
junction radius rTB. For this analysis, we use a tan δTB of
1× 10−7, which is comparable to the tan δ of bulk crystalline
silicon [24]. The same scaling factor in Table I is used to derive
the tan δ of TB-M (10× tan δTB) and TB-V (1000× tan δTB)
interfaces. The loss tangents of all other interfaces and bulk
materials are identical to the values presented in Table I.
5from the T1 estimated by the ME simulation mainly due
to the measurement uncertainty of the tan δn reported in
literature [26, 27]. Nonetheless, this analysis estimates
the order of magnitude of the T1 and, more importantly,
provides valuable insights into the improvement strategy
of the mergemon lifetime.
To evaluate the contribution of individual materials
and interfaces towards the mergemon energy relaxation,
the T1 of each region is derived using Eq. 4. As shown in
Table I, the a-Si mergemon lifetime is limited by the di-
electric loss of the tunnel barrier and its interfaces. The
PR model predicts the qubit lifetime can be improved to
33.2 µs by replacing the amorphous barrier and the as-
sociated interfaces (TB-V and TB-M) with high-quality
crystalline material. Furthermore, our simulation reveals
that further improvement in crystalline mergemon life-
time is possible through the modification of the device ge-
ometry along with the necessary material developments
to realize these changes. By increasing the tunnel bar-
rier thickness and radius, one can reduce the participa-
tion ratio of the lossy M-V interfaces at the edge of tun-
nel barrier. Figure. 4 shows the lifetime of a mergemon
with a crystalline tunnel barrier can be prolonged beyond
100 µs with this approach. The footprint of the optimized
mergemon is still approximately 20 times smaller than
the conventional transmon [2, 30]. Our results highlight
the need for further studies in novel trilayer material that
would enable such an optimized mergemon design. The
thick tunnel barrier suggests that low bandgap semicon-
ducting materials such as crystalline germanium could be
a promising candidate for this application [16].
In conclusion, we have presented a new strategy to
improve transmon scalability. By merging the shunt
capacitor and the JJ into a single device made of
sputtered Nb/a-Si/Nb trilayer, we achieve a two order
of magnitude reduction in the transmon footprint.
The energy-level transitions measured in a two-tone
spectroscopy confirm the mergemon is indeed a weakly
anharmonic system. The two-tone spectra using various
pumping powers are described well with a master-
equation simulation. A in-depth TLS loss analysis
identifies the lossy amorphous silicon tunnel barrier
and its interfaces as the major limiting factor for qubit
relaxation time. We acknowledge that the large size
of readout resonator and the on-chip signal routing
are still road blocks for high-density qubit integration.
However, these can be addressed by adopting lumped
element component [31] or even extending the quantum
chip architecture into the vertical dimension [32]. Our
analysis indicates the most optimal host material for the
mergemon qubit is the trilayer film grown with MBE.
The lattice-matched MBE trilayer can significantly
reduce the dielectric loss of the tunnel barrier and its
interfaces. It also allows atomic-scale control over the
barrier thickness that could enable high-precision qubit
frequency allocation. Both of these capabilities are
crucial in building a large-scale quantum processor using
mergemon qubits.
ACKNOWLEDGMENTS
We wish to acknowledge the support of the NIST
Quantum Initiative, the Laboratory of Physical Sci-
ences NEQST Program (Grant No. W911NF1810114)
and the US Department of Energy (Grant No. de-
sc0019199). We thank D. Olaya for enlightening discus-
sions, A. E. Fox and M. Thompson for their assistance
with device fabrication and D. Hite for valuable feedback
on the manuscript.
[1] Z. Minev, S. Mundhada, S. Shankar, P. Reinhold,
R. Gutie´rrez-Ja´uregui, R. Schoelkopf, M. Mirrahimi,
H. Carmichael, and M. Devoret, Nature 570, 200 (2019).
[2] F. Arute, K. Arya, R. Babbush, D. Bacon, J. Bardin,
R. Barends, R. Biswas, S. Boixo, F. Brandao, D. Buell,
et al., Nature 574, 505 (2019).
[3] X. Wu, J. Long, H. Ku, R. Lake, M. Bal, and D. Pappas,
Appl. Phys. Lett. 111, 032602 (2017).
[4] B. Abdo, N. Bronn, O. Jinka, S. Olivadese, A. Co´rcoles,
V. Adiga, M. Brink, R. Lake, X. Wu, D. Pappas, et al.,
Nat. Commun. 10, 1 (2019).
[5] M. Weides, J. Kline, M. Vissers, M. Sandberg, D. Wisbey,
B. Johnson, T. Ohki, and D. Pappas, Appl. Phys. Lett.
99, 262502 (2011).
[6] J. Koch, M. Terri, J. Gambetta, A. Houck, D. Schus-
ter, J. Majer, A. Blais, M. Devoret, S. Girvin, and
R. Schoelkopf, Phys. Rev. A 76, 042319 (2007).
[7] C. Mu¨ller, J. Cole, and J. Lisenfeld, Rep. Prog. Phys.
82, 124501 (2019).
[8] A. OConnell, M. Ansmann, R. Bialczak, M. Hofheinz,
N. Katz, E. Lucero, C. McKenney, M. Neeley, H. Wang,
E. Weig, et al., Appl. Phys. Lett. 92, 112903 (2008).
[9] V. Manucharyan, J. Koch, L. Glazman, and M. Devoret,
Science 326, 113 (2009).
[10] I. Pop, K. Geerlings, G. Catelani, R. Schoelkopf, L. Glaz-
man, and M. Devoret, Nature 508, 369 (2014).
[11] P. Brooks, A. Kitaev, and J. Preskill, Phys. Rev. A 87,
052306 (2013).
[12] L. Nguyen, Y. Lin, A. Somoroff, R. Mencia, N. Grabon,
and V. Manucharyan, Phys. Rev. X 9, 041041 (2019).
[13] C. Wang, C. Axline, Y. Gao, T. Brecht, Y. Chu, L. Frun-
zio, M. Devoret, and R. Schoelkopf, Appl. Phys. Lett.
107, 162601 (2015).
[14] J. Gambetta, C. Murray, Y.-K.-K. Fung, D. McClure,
O. Dial, W. Shanks, J. Sleight, and M. Steffen, IEEE
Trans. Appl. Supercond 27, 1 (2016).
[15] F. Solgun, D. DiVincenzo, and J. Gambetta, IEEE
Trans. Microwave Theory Tech. 67, 928 (2019).
[16] L. Smith, J. Thaxter, D. Jillie, and H. Kroger, IEEE
Trans. Magn 18, 1571 (1982).
6[17] D. Olaya, P. Dresselhaus, S. Benz, J. Bjarnason, and
E. Grossman, IEEE Trans. Appl. Supercond 19, 144
(2009).
[18] A. Wallraff, D. Schuster, A. Blais, L. Frunzio, J. Majer,
M. Devoret, S. Girvin, and R. Schoelkopf, Phys. Rev.
Lett. 95, 060501 (2005).
[19] L. Bishop, E. Ginossar, and S. Girvin, Phys. Rev. Lett.
105, 100505 (2010).
[20] D. Sank, Z. Chen, M. Khezri, J. Kelly, R. Barends,
B. Campbell, Y. Chen, B. Chiaro, A. Dunsworth,
A. Fowler, et al., Phys. Rev. Lett. 117, 190503 (2016).
[21] J. Johansson, P. Nation, and F. Nori, Comput. Phys.
Commun. 183, 1760 (2012).
[22] J. Johansson, P. Nation, and F. Nori, Comput. Phys.
Commun. 184, 1234 (2013).
[23] J. Braumu¨ller, J. Cramer, S. Schlo¨r, H. Rotzinger,
L. Radtke, A. Lukashenko, P. Yang, S. Skacel, S. Probst,
M. Marthaler, et al., Phys. Rev. B 91, 054523 (2015).
[24] W. Woods, G. Calusine, A. Melville, A. Sevi, E. Golden,
D. Kim, D. Rosenberg, J. Yoder, and W. Oliver, Phys.
Rev. Appl. 12, 014012 (2019).
[25] G. Calusine, A. Melville, W. Woods, R. Das, C. Stull,
V. Bolkhovsky, D. Braje, D. Hover, D. Kim, X. Miloshi,
et al., Appl. Phys. Lett. 112, 062601 (2018).
[26] C. McRae, R. Lake, J. Long, M. Bal, X. Wu, B. Jugder-
suren, T. Metcalf, X. Liu, and D. Pappas, Appl. Phys.
Lett. 116, 194003 (2020).
[27] C. McRae, H. Wang, J. Gao, M. Vissers, T. Brecht,
A. Dunsworth, D. Pappas, and J. Mutus, arXiv preprint
arXiv:2006.04718 (2020).
[28] A. Megrant, C. Neill, R. Barends, B. Chiaro, Y. Chen,
L. Feigl, J. Kelly, E. Lucero, M. Mariantoni, P. J. OMa-
lley, et al., Appl. Phys. Lett. 100, 113510 (2012).
[29] Z. Chen, A. Megrant, J. Kelly, R. Barends, J. Bochmann,
Y. Chen, B. Chiaro, A. Dunsworth, E. Jeffrey, J. Mutus,
et al., Appl. Phys. Lett. 104, 052602 (2014).
[30] J. Gambetta, A. Blais, D. I. Schuster, A. Wallraff,
L. Frunzio, J. Majer, M. Devoret, S. Girvin, and
R. Schoelkopf, Phys. Rev. A 74, 042318 (2006).
[31] M. Reagor, C. Osborn, N. Tezak, A. Staley,
G. Prawiroatmodjo, M. Scheer, N. Alidoust, E. Sete,
N. Didier, M. da Silva, et al., Sci. Adv. 4, eaao3603
(2018).
[32] J. Be´janin, T. McConkey, J. Rinehart, C. Earnest,
C. McRae, D. Shiri, J. Bateman, Y. Rohanizadegan,
B. Penava, P. Breul, et al., Phys. Rev. Appl. 6, 044010
(2016).
Supplemental Material: A merged-element transmon
R. Zhao,1, 2, ∗ S. Park,1, 2 T. Zhao,1, 2 M. Bal,1, 2 C.R.H. McRae,1, 2 J. Long,1, 2 and D.P. Pappas2, †
1Department of Physics, University of Colorado, Boulder, Colorado 80309, USA
2National Institute of Standards and Technology, Boulder, Colorado 80305, USA
(Dated: August 19, 2020)
∗ ruichen.zhao@nist.gov
† david.pappas@nist.gov
ar
X
iv
:2
00
8.
07
65
2v
1 
 [q
ua
nt-
ph
]  
17
 A
ug
 20
20
2I. CRYOGENIC MEASUREMENT SETUP
Figure. S1 describes the measurement setup in which the mergemon sample is characterized.
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FIG. S1. Schematic of the low-temperature measurement setup.
II. MASTER-EQUATION SIMULATION
To prepare the simulation Hamiltonian Hsim, we start by solving the mergemon in the charge basis [? ]. This gives
us the isolated mergemon Hamiltonian, H0. Then, the coupling of the unperturbed Hamiltonian to a sinusoidal drive
can be expressed as
Hsim = H0 + h¯A
∑
i,j
gi,j |i〉 〈j| cos(2pifpumpt). (S1)
where A is the pump tone amplitude and gij is the coupling coefficient between energy levels |i〉 and |j〉. We derive
the coupling coefficients by evaluating the respective matrix elements of H0.
III. ELECTRIC FIELD SIMULATION
To support the PR model calculation, we simulate the device electric field profile in a commercial software package
that supports finite-element analysis. First, We build the 2D model, shown in Fig. S2, that reflects the cross-section
of the mergemon. Based on the materials and surface treatment, we divide the device into different regions whose
TLS loss can be characterized by a distinct loss tangent tan δ. The thickness and relative permittivity of each region
are listed in Table I. Figure. S3 (a) shows the mesh grid created for the 2D structure. A finer grid size is used for the
thin interface regions. We use ”2D axisymmetric” mode of the finite-element field solver, where we take advantage of
the rotational symmetry of the model to obtain the 3D field solution. This approach allows for more efficient use of
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FIG. S2. Cross sectional images of a mergemon used in the finite element simulation. The labels attached to each region
illustrate the device partition used in the two-level system (TLS) loss analysis. (a) Overview of simulated regions. (b),(c)
Zoom-in of the tunnel-barrier (TB) interfaces and metal-substrate (M-S) interface. The labels for each region are defined in
main.
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FIG. S3. (a) Mesh grid near the tunnel junction edge. A finer mesh is used for the thin interfaces (TB-M and TB-V). (b)
Electric energy density profile near the edge of the tunnel barrier. The top (TE) and bottom (BE) electrodes are treated as
perfect conductors in this simulation. Therefore, they are shown as white in (b)
our computational resource. Then the integration of the electric field energy density over the volume of the respective
regions yields Un used to calculate the PR presented in main text. Figure. S3(b) shows the cross sectional view of the
electric field energy density profile near the junction edge.
TABLE I. The relative permittivities (), interface and bulk thicknesses (d) used in electric field simulation.
Regions  d (nm)
TB 11.9 5-40
TB-M 11.4 2
TB-V 4 2
S-V 4 2
M-V 10 15
M-S 11.4 2
Substrate 11.9 104
4IV. QUBIT PARAMETER DEVIATION AND CORRECTION STRATEGY
The scanning-electron micrograph presented in main confirms there is no significant lithography error in the junction
radius. Hence, the deviation in fq results primarily from the uncertainty in the a-Si barrier thickness calibration.
The error in barrier thickness is estimated to be 0.5 nm. However, a lower measured qubit frequency implies that
the tunnel barrier is thicker than the design. This in principle would give a smaller qubit capacitance and lead to a
larger anharmonicity, which is in contradiction with the observed anharmonicity value. Hence, we conclude that the
a-Si relative permittivity used in our circuit design model contributes towards the deviation in anharmonicity. For
the a-Si barrier,we assume a relative permittivity of 11.9 in the mergemon design, yet previous studies have shown
that the relative permittivity of a-Si film can vary significantly from this value under certain growth conditions [? ].
In our case, the measured qubit parameters project a relative permittivity of 17.50 for the sputtered a-Si. Both errors
can be corrected by more precise calibration on a-Si growth rate and permittivity.
